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Preliminary Analysis of Project Risk
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The LTEC design process described in the following sections requires considerable
expenditure of resources. Therefore, the level of analysis should be commensurate with the
economic risks involved. On the bottom of the risk scale, encroachments which have little or no
risk associated with them can be designed using appropriate hydraulic procedures. High risk
encroachments which create large economic risks should be designed using the techniques
described in this circular. The process of determining which of these responses is appropriate
Is discussed in this section.

The determination of whether or not to design by the LTEC process can be viewed as a
screening process (Figure 2.1). All encroachments are assessed by comparing preliminary data
to thresholds for each of the categories shown: lacks practicable detour, hazard to people, and
hazard to property. If one or more of the threshold values are exceeded, the encroachment
should be designed by the LTEC process. If the threshold values are not exceeded, the
encroachment can be designed using traditional design methods.

All
Encroachments

Design
by
LTEC

M.
Process

File Assessment Report
Design by Experience




Figure 2.1 Design Risk Assessment

A form similar to Figure 2.2 can be used to document the assessment or screening process.

The form includes the three types of losses: traffic related, roadway, and backwater. Under
each type of loss are the factors which will be used to assess that loss. For example, traffic
losses are assessed indirectly by determining the number of vehicles which use the structure
and evaluating how frequently, if ever, they will be delayed or detoured. This is done by
estimating the overtopping flood probability for the alternative with the smallest structure and
fill. If the roadway carries a large volume of traffic and will be frequently overtopped, the LTEC
design process should be used. Similarly, the other losses can be estimated or calculated and
compared to the thresholds. The thresholds must be established through the use of the LTEC
design process; noting the values at which a factor yields little or no response.

If the assessment indicates that the LTEC process is appropriate, the encroachment can be
further screened by estimating the magnitudes of the various risk costs and comparing these to
the annual capital costs. This comparison is illustrated in Table 2.1. The procedure is based on
an initial trial design which may be selected using traditional design concepts. The economic
losses (roadway, traffic related, and backwater) are determined for the one design and their
relative impact determined. If one or more of the economic losses are relatively small compared
to the other losses, they may be assumed constant or ignored when analyzing the other
alternatives.
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Figure 2.2 Risk Assessment for Encroachment Design

Table 2.1 Preliminary Analysis of Flood Plain Encroachments
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Table 3.1 illustrates the decision-making process and the remaining sections of the manual
contain detailed information on the various steps leading to the selection on the LTEC design.

Section 4.0 provides guidance on the selection of alternative designs and Section 5.0

discusses limiting assumptions and other analysis considerations. Data collection and the
hydrologic and hydraulic analysis, which is central to the entire LTEC procedure, is discussed
in Section 6.0. Section 7.0 and Section 8.0 provide details on the mechanics of computing the

economic losses and the total expected cost (TEC) for each design alternative. Section 9.0
discusses the selection of the least total expected cost (LTEC) design and Section 10.0

contains a sensitivity analysis procedure to aid the designer in determining the relative
significance of the variables in the decision-making process.

The LTEC design procedure is conceptually rather simple. Its application, however, does
involve the acquisition and manipulation of a sizable data base of information. The designer
should have access to computer based techniques for the hydrologic and hydraulic
computation, but "hand" calculation are recommended for the other computations until
familiarity with the process is gained.

Table 3.1 LTEC Design Decision- Making Process
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Selection of Alternative Designs
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The first step in the selection process is to determine the range of practicable design
alternatives. Constraints, in addition to engineering considerations, will frequently limit the
available alternatives at a site. In some cases, these non-engineering constraints may severely
limit the design alternatives available.

Some items which may limit the design are:
1. Prescribed minimum design flood criteria as in the case of the Interstate.

2. Limitations imposed by roadway geometrics such as maximum or minimum
grade lines, site distance, vertical curvature, etc.

3. Overtopping frequency of the adjoining roadway. In particular, that section of
roadway involving the same watershed under consideration.

4. Topographical features such as stream levees, elevation of the watershed
divide, and clearances for highways or railroads which are bridged.

5. Navigation clearance requirements.

6. Flood plain ordinances or other legislative mandates limiting allowable
backwater or encroachment on the flood plain.

7. Channel stability considerations which would limit velocity or the amount of
constriction.

8. Ecological considerations such as may exist with wetlands or in other
sensitive environments.

9. Geological or geomorphic conditions or constraints including subsurface
conditions.

10. Social considerations including the importance of the facility as an emergency
evacuation route in time of peril.

11. Availability of funds to construct the facility. (This item may or may not be a
consideration in a first appraisal but could ultimately govern the design
selection.)

The second step in the alternative selection process is to determine the components of the
various design strategies. These could include bridges, culverts, embankment, protective
measures and so on, and each alternative may involve one or a combination of these
components. There will also be control variables associated with each design strategy. These
may include bridge length, embankment height, culvert size, degree of longitudinal
encroachment and countermeasure parameters.

Consider, for example, a crossing of a wide flood plain, 2900 feet with a low water channel 440
feet wide. The alternative design strategies include a main channel structure and may include



auxiliary (relief) structure(s), either culverts or smaller bridges. The control variables may be
bridge length, embankment height and possibly culvert size. Also, some or all of the
alternatives may require scour protection, thus requiring that additional control variables be
considered.

In this illustration, the main channel opening could vary from a structure less than 440 feet in
length to one 2900 feet long, the embankment height may vary from no embankment to the
height controlled by the adjacent grade lines, in any desired increments. Auxiliary opening and
scour protection schemes may involve one or more bridge lengths and/or culvert sizes and one
or more protection systems for all or only some of the alternatives.

The Control variables are designated as follows: main channel bridge length as BL; --- BL,y,,
embankment height as EH, --- EH,,, auxiliary opening schemes as XO, --- XO,, and scour
protention schemes as SP, -- SP,. The possible set of design alternatives becomes a four
dimensional matrix best described by index notation, A i | where i varies from 1 to n, j varies

from 1 to m, k varies from 1 to o and | varies from 1 to p. fwe assumen=4, m=4,0=4andp
= 4 there will be 256 design alternatives in the analysis. However, if auxiliary opening schemes
are varied in combination with bridge lengths, the analysis then looks like a two variable
analysis as illustrated in Table 4.1, and is manageable. Scour protection would be inherent in

the design of the alternatives, but scour protection costs would still vary with the amount of flow
constriction, the extent of over-embankment flow and the extent of auxiliary openings.

From the above example, it is apparent that the alternative selection process, especially where
more than two control variables are involved, can rapidly assume unmanageable proportions.
Seldom will the selection process be as open ended as in the previous example, however. In
most cases, the selection of alternative design strategies will be governed by a set of control
criteria based on previous experience, preliminary analysis or other constraints such as those
discussed above.

The preliminary analysis described above establishes a starting point for the selection of design
alternatives. This starting point may include a bridge length, an embankment height, and
auxiliary openings and scour protection schemes. Other alternatives are generated by varying
the control variables above and below the starting point. Auxiliary opening schemes may be
varied in combinations with the main channel structures.

Most often the selection process will necessarily involve arbitrary control criteria (such as the
criteria for providing scour protection). Because of this, the designer should, after selecting the
LTEC design, review the criteria to determine if other design alternatives should be
investigated.

Table 4.1 Design Alternatives for a Two Variable Analysis
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Prior to developing procedures for selecting the LTEC design, it is necessary to discuss several
limiting assumptions and the roles played by such key variables as the service life of the structure
and the discount rate used in the analysis.

5.1 Limiting Assumptions

For bridge design, it is assumed in the analysis procedure that the bridge itself will not fail. In other
words, the foundation and other critical components of the bridge are not anticipated to fail even
during rare flood events. The construction costs are assumed to include allowance for designing
against failure of these components. There may be damage to the bridge deck, to embankments
and to scour protection measures all of which are included in the assessment of economic risks.

On the other hand, the assumption of failure should be included in the analysis for culverts and
longitudinal flood plain encroachments. This will require defining failure criteria for these structures.
Such criteria might be linked to degree of damage, overtopping flood magnitude, or structure size.
Example B illustrates the analysis procedure and assumed failure criteria for a culvert design.

Another basic assumption is that no increase in loss of life occurs. Increased accident potential
and damage are accounted for in the procedure.

The terminal or salvage value of the facility is also assumed to be zero.

5.2 Useful Life of Structure

Generally, highway properties are retired from service due to physical wear and tear or
deterioration, inadequacy in load capacity or traffic volume capacity, general obsolescence and
demand to make room for other improvements. Because of the uncertainties involved, the service
life of highways varies over a considerable range. This variation is found not only between
components of the highway such as earthwork, bridges and paving but also within components.

Generally, highway bridges and embankment have a service life in excess of 30 years. The
service life of a highway pavement may be shorter. The service life for culverts can be estimated
by application of procedures such as contained in reference 18.

In the LTEC design process, the construction or capital cost component is amortized over the
service life of the structure. This is accomplished by multiplying the capital cost by the capital
recovery factor, CRF. Since the CRF approaches the discount rate as the service life increases,
examining these factors in a set of compound interest rate tables indicates that when the discount
rate is 7 percent or greater there is not a significant change in the CRF when the service life is
greater than 30 years.



Therefore, the service life tends to be a critical factor in the analysis when the discount rate (cost
of capital) is relatively low and the service life or analysis period is relatively short.

5.3 Discount Rate

The discount rate is a factor to which the final result (LTEC design) is highly sensitive. Table 5.1

compares four alternate proposals with the service life of 20 years and discount rates of 4, 7, 10
and 12 percent. It should be noted in this evaluation, that the higher the discount rate, the higher
the annual charge for capital recovery and the more the evaluation will tend toward alternatives
with the least initial investment.

The Water Resources Council (WRC), an independent executive agency of the United States
Government, is required to annually publish the discount rate to be utilized by Federal agencies in
plan formulation and evaluation of water and related land resources projects. This rate is used for
the purpose of discounting future benefits and computing costs, or otherwise converting benefits
and costs to a common time base. The WRC rate is based on the average yield during the
preceding year on interest-bearing marketable securities of the United States which, at the time
the computation is made, have terms of 15 years or more remaining to maturity. This average for
fiscal year 1980 is 8 1/4 percent. The WRC, however, can not raise nor lower its discount rate by
more than one-quarter of one percent for any year, and since the rate for fiscal 1979 was 6 7/8
percent, the published WRC discount rate for fiscal year 1980 is 7 1/8 percent.

The user may wish to utilize the WRC discount rate, a rate based on the current cost of borrowing
money in a particular locality or some other value. The user should keep in mind that the cost of
borrowing money is governed somewhat by perceived inflation in the economy. Since, the discount
rate is simply a means of converting costs to a common time frame, the selection of the discount
rate should be consistent with the method of estimating annual maintenance and user costs. If
present prices are used to estimate those annual costs which will occur some time in the future,
then the discount rate, which is used to convert initial investments to annual costs, must be
relatively free of inflation.

Table 5.1 Four Alternate Proposals with Annual Costs

Total Equivalent Annual Costs for n =20 yrs

Alternative Initial Annual Maintenance (Initial Investment x CRF + Annual Costs)

Project Investment and Users Costs

1 $35,000 $4,550 7125 7853 8661 9236
2 50,000 2,660 6339 7380 8533 9354
3 65,000 1,490 6272 7626 9124 10,192
4 80,000 1,375 7261 8926 10,772 12,085

Go to Section 6
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Go to Section 7

6.1 Data Collection

Data required for the LTEC design process can be grouped into the following general categories:
1. land use

flood plain geometry

hydrologic and hydraulic

geologic

capital costs

traffic

7. repair costs

o0 kW DN

The first category is a new data requirement which could result in a tremendous burden on field survey crews if expedient
data collection methods are not developed. Categories 2, 3 and 4 are data presently collected for drainage design. The last
three categories of data are generally available in highway agencies but are not traditionally utilized in drainage design;
thus, these data are being put to a new use.

The specific requirements and accuracy guidelines for each category are described below.

6.1.1 Land Use Data

Land use data needs upstream of the crossing include the location and first floor elevation of all buildings and
location, area and average ground elevation of all crops. Locations need only be accurate enough to determine
where the particular land use is with respect to the cross sections used in the hydraulic analysis and can usually
be estimated from a quadrangle map. First floor elevations for buildings should be accurate to the nearest foot.
Aerial surveys might suffice for this accuracy since roof elevations can probably be established and a drive-by
ground inspection could establish the approximate distance from the roof to the first floor. Other expedient
methods of establishing first floor elevations include the use of developers plans or street elevations in
conjunction with a drive-by ground inspection to establish approximate distances from the street to the first
floors. For example problem A in this manual, field survey crews established first floor elevations to the nearest



0.1 ft, but that accuracy is not warranted in most cases and the added burden on survey crews is likely to
introduce a bottleneck in the design process. Ground elevations for crops can be established from aerial survey
contour maps. Crop types should be grouped by their sensitivity to incremental flooding. Grain and hay cropland
could be treated as one group, while produce cropland would be a separate group. Normally woodland can be
ignored in risk analysis.

In addition to locations and elevations, property values need to be established. Right-of-way sections in highway
agencies are good sources of information on property and building values. State Departments of Agriculture and
the State offices of the U.S. Soil Conservation Service are excellent sources for crop value information.

Residences are assumed to have contents worth one-half the value of the building. Crops are valued at
market-value less harvesting and hauling costs. In other words, the value to be used in risk analysis is the value
of a mature crop in the field.

Land-use data should be summarized in a systematic format. Two techniques of tabulating land use data may
be used: () assume property lies halfway between cross-sections or (2) assume property lies on the closest
cross-section. The latter technique is probably preferable unless all the property of interest happens to fall
between two cross sections. For a given cross section, all similar buildings at a predetermined elevation are
grouped into one unit.

The upstream and lateral extent of land use data needed can be approximated by a preliminary hydraulic
analysis considering the smallest bridge, highest embankment and largest flood.

6.1.2 Flood Plain Geometry

Flood plain geometry can be described by several cross sections upstream and downstream of the crossing and
by 1-2 foot interval contour maps. Typically there should be six or seven cross sections that cover a reach of the
flood plain approximately 1 valley width downstream to 2 or 3 valley widths upstream of the crossing. Contour
maps can be developed from aerial and/or ground surveys.

6.1.3 Hydrologic and Hydraulic Data

6.1.3.1 Flow Magnitudes

Data from gaging stations upstream and downstream of the crossing and associated drainage areas
should be assembled.




6.1.3.2 Hydrographs

A family of stage hydrographs is needed to estimate embankment overtopping times. Usually a
complete family of measured hydrographs will not be available, but measured hydrographs for one
or two floods can be used as patterns for other floods. If no measured hydrographs are available,
synthetic hydrographs can be used.

6.1.3.3 Flow Resistance

Mannings roughness ("n") values must be determined at each cross section for the flood plain and
main channel. USGS Water Supply Paper 1849 has good guidelines for estimating "n" values for
main channels. The USGS is currently conducting a study for FHWA in Louisiana to develop
procedures for estimating "n" values for heavily vegetated flood plains. Several hydraulic texts have
estimated "n" values for various crops. Some typical "n" values are tabulated below.

Table 6.1a Typical "n" values for Flood Plains

|Corn | .06 - .07**
|Sma|| Grain | .06 - .10
|Pasture | .04 - .05
|Brush & Waste | .08 -.12

* Values tabulated from Chow page 104 (23)
** Higher values of "n" generally relate to lower depths of flow

6.1.4 Geologic and Soils Data

6.1.4.1 Channel Morphology

Sequential aerial photographs should be examined to determine susceptibility of the channel to
lateral migration and degradation.

6.1.4.2 Soils Information



Soil samples should be obtained and analyzed for grain size distribution and cohesive properties.
Resistance to penetration and soil profiles should also be obtained.

6.1.4.3 Scour History

Past observations of bridge scour should be used to enhance engineering judgment in making scour
predictions for various bridge alternatives.

6.1.5 Construction Costs

Construction cost estimates for each alternative are necessary to the LTEC design process. Construction costs
include initial embankment, pavement and structural costs. Any maintenance costs which vary with alternatives
should also be included. Estimates should include allowance for varying foundation depths to account for scour.
Estimates should also allow for other scour protection measures such as spur dikes and riprap.

6.1.6 Traffic Data

Traffic data should include the following:

Design or projected ADT

Initial ADT

Traffic mix

Vehicle running cost, $/vehicle mile

Average occupancy rate, passengers/vehicle
Value of time, $/hr.

Length of normal route and detour routes
Average speed on each route

Fatality rate on each route, people per hundred million vehicle miles
Injury ratio, injuries/fatality

Property damage ratio, accidents/fatality
Unit cost of injuries, $/injury

Unit cost of property damage, $/accident

Detour routes must be identified along with the expected overtopping frequency. In other words detour routes
may change as the flood frequencies vary. Also, the crossing being designed may be planned as a detour for
other crossings and the ADT may be a function of flood frequency.




6.1.7 Embankment and Pavement Repair Costs

Although many highway agencies keep elaborate maintenance records, these records are not likely to be of
much value in estimating repair costs. Repair costs must be estimated in much the same manner as
construction costs. The repair operations must be conceptualized and related to standard construction
operations when estimating costs.

To estimate repair time and cost, data should include the following:

Total volume of embankment, CY

Total area of pavement, SY

Rate of embankment repair, CY/day

Rate of pavement repair, SY/day

Unit cost of embankment repair $/CY

Unit cost of pavement repair $/SY

(assume density of asphalt pavement = 100 Ib/SY/in.)
Adjustment cost for rapid repair

Mobilization cost, $

6.1.8 Summary of Data Requirements

Table 6.1 is a summary of the data requirements and includes an indication of units, possible sources and where the data
are used in the analysis.

Table 6.1 Summary of Data Requirements

Data and Acceptable Units  Source Where Used
Accuracy [n Analysis
1. Buildings:
- 15t flr. elev, + 1 ft ft Surveys .M. Damage
b. Value including 4 R Offices "
contents, + 10% Realtors "
C. Locations, Hearest X-5Sact. (uad. Map "
2. Crops:
a. frea per contour - acrefcontour  Aerial Photo. "
interval elevatian. Quad. Map "
b. Value of mature $/acre "
crop in field
c. Locations, MNearest -Sect.
3. Flood PTain Geometry:
d. 5 or & X-section Field Surveys  Hydraulic
b. Avg valley slope ft/mi Low Water Elev. Analysis
c. Manning "n" valuex at faoe Statinmc



i i e e

1) Gaging data sq mi USGS, 305 Hydro. Analysis
2} Drainage areas COE, WPRS* For Gaged Sites
b. Watershed Parameters
{1} Hydrophysiographic Zone Raf (20} Hydra. Bnalysis
(2] Tsoerodent factor Ref (20} For Ungaged Sites
(3] Elevation Diff. ft Quad. Map
(4} Drainage area s5q i
5. a. Hydrograph Elev. v UsGs, SC5, Traffic Losses
time or COE, WPRS Embankment
0 ws time Damaqe
b. Hydrograph Factors
{1} Length of Tongest
watercourse, L mi Quad. Map Traffic Losses
(2) Elev. difference ft Nuad. Map Emb. Damage
6. 50ils properties Construction
d. 50il Tyvpes Split Spoan Costs in
Sample Conjunction
b. Grain 3ize Distr. Sieve Anal. Hiscour Est.
Fo Scour Histary Maintenance "
Records "
2. Channel MorphoTogy Sequent 1al ’
Aerial Photos "
9. Construction Costs C & M Unit or  Annual Capital
Hridge Unit Costs
10. a. Traffic Data: Traffic Losses
{1} TInitial ADT Yeh/day Traffic andfor
Planning Units
{2) Design ADT " " "
{3} Traffic Mix " "
{4} Vehicle
Running Losts mile " !

"PRE 15 the U.5. Water and Power Resources Service, previously the WS, Bureau of
Feclamation




ﬁ&ta-ﬁnd hﬁceptaﬁTe - Units T Source ¥here Used
Accurag . _ ~ In Analysis
10. [ Uccupancy Rate FasfVeh Traffic andjor Traffic Losses
{E} Yalue of Time Sfhr Planning Unils "
7Y Length of: "
Normal Route miles
Metour miles
(8) Avg. Speed on mi/hr ! "
Lach Route

{9) Fatality Rate
on Lach Route
(10}  Injury Ratio

(11} Property Damage

Ratio
{12) Unit Cost:
Injuries
Accidents
b. Traffic Loss per
Hour of Detour
1. Repair Data:
a. Total Yolume
of Cmb.Subject
Lo Overtopping

b. Total Area of Pavement
Subject to Overtopping

€. Mobilization Cost:

Fatalitiesf

100 mil. mi.

Injury/Fatality

fccident/
Fatality

S/injury
S/hceident
S/hr

cY

5Y

(1) Dist. from Maint. Yard

(2] Type of Equip.

{3) In House or Contract

d. Rate of Emb. Repair:
{1} Type of Equip.
(2) Dist.to Borrow
(3) Extent of Repair

c. Rate of Pavement Repair
{1} Dist. to Supplier

{2) Extent of Repair

f. Unit Cost of
Embankmont Repair

q. Unit Cost of
Pavement Repair

h. Max. Time Roadway
Closed to Traffic

i. Adjustment Factor
for Rapid Repair

CY/day

$Y/day

$/CY
s/5¢
hr

Plans

Flams

C & M Unit

C &M Unit

L & M Unit

C & M Unit
C & M Unit
Traffic/

C & M Unit
C & M Unit

C & M Unit

Repair Costs

J- Length of Work Day

hr/day




6.2 Hydrologic and Hydraulic Data Analysis

6.2.1 Flood Frequency

Gaging data is usually not available at a crossing. Gaging data at stations upstream and downstream of the
crossing can be adjusted to obtain data for the crossing. This data is then input to a flood frequency distribution
function to obtain probabilities for various discharges. The Log Pearson Type lll distribution is a recommended
distribution. Procedures for applying the Log Pearson Type Ill distribution are described in WRC Bulletin 17A
(19).

For ungaged watersheds (usually smaller watersheds), a designer may have to rely on empirical methods such
as the USGS Regional Analyses, or the Utah State method described in Report Nos. FHWA-RD-77-158 and
159 (20).

The USGS regional analyses typically include regression equations for various flood frequencies ranging from
2.33-year (the annual peak discharge) to 100-year. The analyses in several States include equations for 200-
and 500-year frequencies. The Utah State method resulted from a national effort for FHWA. The method divides
the nation into 24 hydrophysiographic zones as illustrated in Figure 6.1. The method includes regression
equations which are summarized in Table 6.2, relating the 10-year flood to watershed parameters. The
regression equations are in the form:

Qup=C A€l Re2 pHe3

Where:

C, el, e2 and e3 are the regression coefficient and exponents

A = Watershed area

R = isoerodent factor which is related to the annual maximum 30-minute rainfall intensity

DH = Elevation difference between the main channel at its most distant boundary and the drainage
structure site

Other frequency floods are then related to the 10-year flood by the equation below:

Q; = (a) (Q10)°

where:

a=0.46921 and b =1.00243 for t = 2.33 yrs.
a=1.45962 and b = 1.02342 for t = 50 yrs.
a=1.64380 and b = 1.02918 for t = 100 yrs.



Application of the Utah State method should be limited to watersheds smaller than 50 square miles in the U.S.
The Utah State method also includes an equation for the "probable maximum runoff peak" which is:

Qp(ma:x:) = 0= 92+ 8120y A) - U325(log AP

where: A = drainage area in square miles

Use of this equation should also be limited to small watersheds (less than 50-100 square miles). Qp(max) is not

related to a specific frequency flood and can be viewed as an order of magnitude indication for very large floods
(say Qg to Qsgp) Which should be included in a risk analysis.




Figure 6.1 Hydrophysiographical Zone Map for the Contiguous United States
(From Fletcher Et Al (20) FHWA Report RD-77-159, p 12)

Table 6.2 The 3-Parameter Regression Equation for each of the 24 Hydrophysiographic
Zones of the United States and Puerto Rico (From Fletcher et al (20) FHWA Report
RD-77-159, p 8)

All Zone Gy =1.28015A47 “ R™* pE
1 éllil = {10213?AD.439?5R1.16333EHD.’J‘84§3
2 élljl -1 1.8893AD.5?269R.ME?IEHD.EQEID
3 élljl — 104104 AD.iMQQR—EI.ﬁQMIDHD.EEEEQ
4 éllil — 76,7226 Aﬂ.ﬁdﬁ'gj RD.EAH‘AH D HD.DEﬁdﬁ
5 éllil = 1_14069AD.31D6DRD.3112?BHD.I&EEE
6 &m — 105.[8658 AD.EE?Ej R —2 07565 D HD.’J‘M’J‘E
7 élljl —141.135 AD.EEﬁ?ER—D.lEDdEEHD.IEQEI
8 éllil = 95.D?TjAD.iEE?IRD.D?EjjﬂHD.IE@E
9 élljl — 0.50051 AD.&QEEQ RDD.HI&& D HD.EQ?EQ
10 éllil = D.Dﬂﬂﬁl3A1.EDEIERE.EEIMEH—Djdl?E
11 éllil —111 1.4?AD'6?899R —D.’J‘ﬁEDdEHD.EEQM




12 élljl — 0.0196 IAD.d?EQlRl.ﬁETEE DHD.ED?DD
g élljl —6.181 15A.ﬁﬁﬁgdﬂﬂﬁ?ﬂdﬂﬂﬂﬂlﬂﬂ
or élljl — 6.6082AD'6?D54RDE?12D
14 @ID — D.0035SAEIAEE&ERI.ﬁdjﬂﬂHDEEﬁED
15 élljl = 412131Al.DDEEER—D.AE@TEH—D.IEME
16 @ID = 5.9934DAD.694DDRD.81331DH—D.DEEN
17 élljl —41.2165 AIII.95643RD.9D166EH—D.49291
18 élljl — 530080 AD.EI?’J‘ﬁR—D.EDQEEEH—D.EE%Q
19 @ID —= DI6T5D3AD.44DEDR1.26?86DHD.2414D
20 élljl = D.ngﬁ?AD.Q-ﬂﬁEde.DIETEEHD.DEEET
21 élljl = 8.8DD96AD.QDMBRD.MTMDHD.IEQE?
22 QIEI — D.Tﬁz?ZADﬁQMERD.EjﬁIIDHD.EETTT
23 ti'tlljl — 9687.TTAD'QQQHRD'lﬁmjﬂﬂ_n'jgjm
24 Gy =12.85664 R E T




6.2.2 Water Surface Profiles

One of the biggest impacts of the LTEC design process is the requirement for water surface profiles. Instead of
one water surface profile, the LTEC design process requires water surface profiles for each discharge for
existing conditions and for each alternative design condition.

Unfortunately, most of the existing computer programs are not geared to the LTEC requirements. Existing
programs include the COE HEC-2 and the USGS E431. The FHWA program (HY-4) does not provide sufficient
water surface elevation definition to be used for risk analysis. HEC-2 has a special bridge routine as well as a
general bridge routine, but the general bridge routine is often more applicable to design problems than the
special routine. The E431 program has incorporated the FHWA backwater procedure and should provide
reliable water surface profiles upstream of a bridge. One problem with either program is that a tremendous
amount of printout must be scanned to pick up a few key elevations that are necessary for risk analysis. Also,
items like overtopping depths and velocities are not outputs of these programs. FHWA is currently sponsoring a
study with USGS to develop an updated bridge backwater program that will combine the best algorithms of
E431 and HEC-2 and will provide convenient printout for a risk analysis.

6.2.3 Stage-Discharge Relationship

If a computer is used to determine water surface profiles, rating curve information for each alternative can
readily be obtained. The E431 program does not print the upstream water surface elevations right at the bridge
section, but it does print the key numbers needed to calculate the elevations as follows:

Where: WSBR = WSU - HF

WSBR = water surface elevation just upstream of bridge
WSU = water surface elevation at the approach section
HF = friction head loss between the approach section and the bridge

The program prints HF for the natural condition, but it leaves a blank for HF in the bridge condition, therefore:

HF = DISTU(Q/KU)?2
DISTU = distance from bridge to the approach section

where WSU is computed (usually DISTU = Bridge Length)
KU = the upstream conveyance for the bridge condition

If just a few alternatives (say four or five) are being considered, the rating curves should be plotted for each as
indicated in Figure 6.2a. Then overtopping discharges and overtopping depths can be determined graphically as

illustrated.



If a large number of alternatives are being considered, it is expedient to determine the overtopping discharges
by interpolating between water surface elevations to determine where overtopping would occur.

E431 will sometimes indicate flow over the roadway before overtopping occurs because it computes flow over
the roadway from a weir equation which uses the total head as a parameter. E431 assumes flow over the
roadway if the total head is greater than the embankment elevation. E431 apparently does not check the water
surface elevation just upstream of the bridge to determine where overtopping occurs. Nevertheless, the proper
overtopping discharge can be estimated by interpolating between water surface elevations as discussed above.
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Figure 6.2 Overtopping Discharge, Depths and Times from Unique Rating Curve and Stage Hydrograph




6.2.4 Overtopping Depths and Times

Figure 6.2 illustrates the direct method of determining overtopping depths and times as well as the overtopping
discharge. Figure 6.2a is the rating curve just upstream of the bridge while Figure 6.2b is the family of stage
hydrographs for all the floods considered in the analysis. Once these curves are drawn, a base line can be
drawn at the embankment elevation and used to determine the overtopping discharge and depths from the
rating curves and the overtopping times from the hydrographs. The problem with the direct method is that rating
curves and the entire family of stage hydrographs must be developed for each alternative. To facilitate the
design process, short-cut methods are described below for determining over topping depths and times assuming
overtopping discharges are known.

6.2.4.1 Short-Cut Method for Determining Overtopping Depths

Figure 6.3a illustrates the direct method of determining overtopping depths for a number of

alternatives. This figure represents several rating curves plotted on one graph. The important
characteristic to observe in Figure 6.3a is that the rating curves tend to parallel the natural rating

curve after overtopping occurs; an overtopped roadway essentially acts like a weir.

If this parallel characteristic is assumed, overtopping depths can be approximated directly from the
natural rating curve as illustrated on Figure 6.3b. The absolute elevations are ignored and baselines
are established by drawing lines through the rating curves at the appropriate overtopping discharges
(assumed to be known from the stage-discharge interpolations). Then, all of the overtopping depths
can be estimated from a single rating curve.
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Figure 6.3 Overtopping Depths from Rating Curves

6.2.4.2 Short-cut Method for Determining Overtopping Times
A short-cut method for estimating overtopping times is based on the assumption that hydrographs
maintain approximately the same shape for all bridge conditions. Then for a known overtopping



discharge and depth, the overtopping time can be estimated from a single family of either discharge
or stage hydrographs, whichever is more readily available. Furthermore, since stage hydrographs
may be assumed parallel curves for various flood levels, overtopping times can be estimated from a
single hydrograph curve for any major flood.

Stage hydrographs are readily available at continuous gaging stations, while discharge hydrographs
are computed more readily for ungaged sites. Figure 6.4 illustrates the use of a stage hydrograph in
conjunction with overtopping depths to estimate overtopping times. The procedure is to scale a
distance equal to the overtopping depth from the peak of the stage hydrograph and to measure time
as the distance between the legs of the hydrograph. There is no need to draw a whole family of
parallel stage hydrographs since any one would give the same results using this procedure. Figure
6.5 illustrates the case of a family of discharge hydrographs used in conjunction with overtopping
discharges to estimate overtopping times. The procedure is to draw a line through the family of

discharge hydrographs at the overtopping discharge and measure overtopping times between the
legs of the respective hydrographs along this line.
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Figure 6.5 Overtopping Times from a Family of Discharge Hydrographs

6.2.5 Hydrographs

There are several techniques for developing hydrographs from limited data. While discharge hydrograph may be
adequately approximated by a triangular shape, a stage hydrograph tends to be more of a trapezoidal shape
with a longer duration near the peak.

Hydrographs may be developed by using a measured outflow hydrograph as a pattern, or where no hydrograph
is available, by assuming the hydrograph shape.




6.2.5.1. Using a Measured Hydrograph as a Pattern

If a measured hydrograph is available, curves similar to the measured hydrograph can be drawn to
complete the family of hydrographs. First, mark each flood peak as illustrated in Figure 6.6a, and

then draw similar curves through the peaks as illustrated in Figure 6.6b.

The measured hydrograph should be based on measurement from an existing bridge or transfer of
data from another bridge on the same stream. To be precise, the hydrographs should represent
upstream stage-time relationships that reflect ponding responses from each alternate design. In a
practical sense, however, several compromises as presented in the "overtopping times" section, are
acceptable . First, the range of bridge alternates is not likely to significantly change the shape of the
hydrographs so that one set is adequate. Second, relative rather than absolute stages are important
so that even a downstream hydrograph will suffice. Finally, transferring a hydrograph from another
bridge on the same stream is preferable to relying strictly on a computed hydrograph.

6.2.5.2. Computed Hydrographs

Measured hydrographs are not available on some streams and an analytical hydrograph will have to
be developed. A hydrograph can be developed by a combination of methods attributed to the U.S.
Water and Power Resource Service (21) and the Soil Conservation Service (22). Referring to Figure

6.7a, the time to peak, Tp, is estimated by

410.385

To = Te < A18L

where:

Tp = time to peak, hr.

L = length of longest watercourse, mi.
H = elevation difference, ft.

Tc =time of concentration, hr.

An average constant can be used to compute the time of recession, Tr, so that:
Tr=1.67Tp

For a given peak discharge, Qp, a triangular discharge hydrograph, as illustrated in Figure 6.6a, is
defined by Tp and Tr.



A stage hydrograph can be developed from a triangular discharge hydrograph by combining it with a
rating curve, as illustrated in Figure 6.7b.
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Figure 6.6 Constructing a Family of Hydrographs from a Measured Hydrograph
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Figure 6.7 Computed Hydrographs

Go to Chapter 7
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Computation of Economic Losses

Go to Section 8

The methods presented for assessing economic losses are based on the best available information
considering the degree of detail warranted, ease in application, general applicability and availability of data.

Potential economic losses may result from:
1. Loss of pavement and embankment.
2. Interruption of normal traffic flow.
3. Damage to surrounding property due to backwater.
4. Structural damage including scouring of foundations.

Subsequent parts of this manual contain suggested methods for assessing the various economic losses. To
illustrate these methods, the following example problem will be used throughout the discussion.

7.1 Example Problem

A crossing of Row Creek is proposed. The hydrologic and hydraulic calculations have been accomplished and
the alternative bridge length and embankment heights selected. Only one of the alternative designs, a bridge
length of 440 feet and embankment height elevation 153, is used to illustrate the economic loss evaluation
procedures. The reader should recognize that the economic loss evaluation procedures would have to be
repeated for each alternative design to complete the LTEC design decision-making process. Additional data
are presented as needed for the various economic loss assessment procedures.

7.2 Embankment Damage

Flood flows which overtop bridge approach embankments for sustained periods of time may result in erosion
of shoulders and fill material and loss of the pavement surface. When such damage occurs, economic losses
due to traffic interruption and the need to replace the fill and pavement result. In order to assess these losses,
the mechanics of erosion must be known. Unfortunately embankment erosion has not been studied on a
broad scale and the existing literature can only supply limited information on the subject.

Some experience is available from highway agencies concerning the duration and depth of overtopping which
will cause erosion. Figure 7.1 is based on this experience. Users are encouraged to develop information on
roadway damage due to overtopping for application in evaluation of the economic losses to embankment and
pavement.
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Figure 7.1 Embankment-Pavement Losses

The embankment-pavement loss data used to construct Table 7.1 were obtained from highway sections 48
feet wide, 40 feet of asphalt pavement, well vegetated 3 to 1 side slopes, and sandy-clay fill material. The data
set included estimates for embankment erosion and pavement loss for 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 feet of
overtopping. The data for the 0.5 foot condition included estimates of losses for overtopping time from 12 to
72 hours. The data for 1.0 and 2.0 feet of overtopping included estimates for 1 and 72 hours, and the data for
3.0, 4.0 and 5.0 feet of overtopping included estimates for 1 and 60, and 1 and 48 and 1 and 36 hours of
overflow, respectively. Since the data set for the 0.5 foot of overflow was fairly complete, it was utilized to
establish trends for the other depths of overtopping.

To determine embankment and pavement losses, enter Table 7.1 with the time and depth of overtopping to
determine the percent of embankment and pavement loss. The time and depth of overtopping for the various



flood events are outputs of the hydraulic analysis. The economic losses at the roadway (LAR) are then
computed from the equation:

LAR = [PoCeVe + PoCpA,] Cq + M.

E,y = Embankment width, ft.

Pe = Percent of embankment loss from Figure 7.1 multiplied by 48/E,,
Co= Cost of embankment, $/CY.

V. = Total volume of embankment subject to overflow, CY.

P,y = Pavement width, ft.

P, = Percent of pavement loss from Figure 7.1 multiplied by 40/P,,
C, = Cost of pavement, $/SY.

A, = Total area of pavement, subject to overflow, SY.

C, = Adjustment factor for rapid repair.

M. = Mobilization cost, $.

Example: For the Row Creek crossing, flood frequencies of 10, 25, 50,100 and 200 are to be used in the
analysis. Table 7.1a summarizes the time and depth of overtopping analysis, and the percent losses for the

embankment and pavement. Table 7.1b summarizes the roadway loss calculations. The costs used were

$1.47/CY of embankment and $4.86/SY for pavement. The adjustment factor for rapid repair is 1.3 making the
costs $1.91/CY of embankment and $6.32/SY of pavement. The mobilization costs are negligible for the
100-year flood event and $5,000 for the 200 year event.

Table 7.1a Overtopping Data

Percent Loss

Pstae | ey [L_rereree

CIS

Depth (ft) | Time (hr) | Fig71 | Pe | Fig71 | P |
0 0o o | [ o

| 20,000 | 10 | | 0 0
25,000 | 25 | 0 I 0 | 0 | 0 | 0 0
30,000 | 50 | 0.2 | 7 | 0 | 0 | 0 0
| 35,000 | 100 | 0.7 I 20 | 3 | 3.28 | 7 | 11.667
| 40,000 | 200 | 1.3 I 40 | 17 | 18.58 | 23 | 38.334

The roadway is 2-lane with a 10-foot shoulders and 3:1 side slopes. At elevation 153, the embankment
volume for 2900 feet of roadway is 10,740 CY and the pavement area is 7,733 SY. For the 50-year event,
roadway clean up is necessary. This is assumed to cost $2,000.

Table 7.1b Roadway Losses

Discharge (cfs) Frequency (yr)
Embankment (CY) “ Pavement (SY)

20,000 10 - - - -
25,000 25 - - - -
30,000 50 - ] ] ]
35,000 100 351.2 ] 673 ] 902.4 5,700
40,000 200 1,995.5 3,813 2,964.1 18,729

Total Roadway Repairs are:



(LAR)sg = $2,000
(LAR); 0 = $673 + 5,700 = $6,373
(LAR)00 = $3,813 + 18,729 + 5,000 = $27,542

7.3 Traffic-Related Losses

A major part of the economic losses due to inundation of a stream crossing involve traffic termination and
delays caused by the need to detour traffic to an alternate route or routes.

The time that traffic is not allowed to utilize the crossing is equal to the sum of the overtopping time and the
time to repair significant damage at the site. The overtopping time for. the various flood flows is an output of
the hydrologic analysis. The time to repair must be developed from past experience in repairing such damage.

The distribution and magnitude of the average daily traffic which will use the bridge must also be estimated.
For the purpose of this analysis, it is reasonable to assume that the traffic volume will be a gradually varying
series. A gradually varying series can be converted to an equivalent uniform annual series by procedures
described by Grant and Ireson (14). The equivalent uniform annual series for the average daily traffic, ADTE,
that represents a growing traffic series is:

ADTE = ADTI + G(gf)
Where:

ADTI = initial ADT at end of first year.

G = growth rate of traffic volume, (ADTN-ADTI)/n.

ADTN = projected ADT at end of "n" years.

gf = factor to convert a gradually varying series to an equivalent annual series.

1 N
L1+ -1

i = discount rate, percent.
n = service life of structure, yr.

Example: For the Row Creek crossing, the service life is 30 years for all components, the initial ADT at the
end of the first year is 5000 vehicles per day, the projected ADT at the end of 30 years is 9,500 vehicles per
day and the discount rate is 7 1/8 percent. The ADT equivalent is therefore:

ADTE= ADT1 + G(df)
Where G= (ADTN - ADT1)/n
= (9,500 - 5,000)/30 = 150

gf--|—2
L+ -1
il 30 1440
007125 (1+0.07125)™ -1 6.68
=10.2

ADTE= 5000 + 150(10.2) = 6530




7.3.1 Traffic Restoration Time

Traffic restoration time for each flood event is added to the overtopping time for each event to
obtain the total detour time. The traffic restoration time can be estimated from:

T, = Ve (Pe - Pep) E + Ap (Pp - Ppr) %+ Mobilization Time
Re RFJ

Where:

T, = Traffic restoration time, hr.

V. = Total embankment subject to overflow, CY.

Pe = Percent of embankment loss.

Pe= Percent of embankment repair where traffic interruption does not occur.
Re = Rate of embankment repair, CY/day.

A, = Total pavement area subject to overflow, SY.

P, = Percent of pavement loss.

Por= Percent of pavement repair where traffic interruption does not occur.
Ry = Rate of pavement repair, SY/day.

Total detour time for each flood event is: T, + overtopping time.

Example: For the Row Creek Crossing, the rates of repair are 3270 CY/day for embankment and
3334 SY/day for pavement. The percent of time where traffic delays do not occur are 1.09 percent
for embankment and 8.34 percent for pavement repairs. The mobilization time is negligible for the
100-year event and 8 hours for the 200-year event. For the 50-year event, even though no
damage occurs, clean up of the roadway is required. This is assumed to be possible without traffic
interruption. Therefore, the detour time is the overtopping time for the 50-year event.

Time of de'g};;: t, + overtopping time(ty)

Ty50=0 + 7 = 7 hours
Tg100=1.7+19+0+ 20
= 23.6 hours
Ty200=13.8 + 16.7 + 8 + 40
= 78.5 hours

There are three subcategories of traffic-related losses which might occur:
1. Increased running cost due to the detour.
2. Lost time of vehicle occupants.
3. Increased accidents on the detour.

Much of the data necessary to assess these losses is available in the highway
agencies planning and/or traffic engineering units.




7.3.2 Increased Running Cost

This cost represents the difference between the running cost on the detour and the normal route. It
is a function of ADTE, travel distance, duration of detour, design speed and vehicle distribution.
The vehicle distribution, number of cars, trucks, semitrailers etc., used in the analysis may be a
standard distribution or one based on an actual traffic distribution in the study area. Running costs
are computed for the passenger cars in the distribution and these costs adjusted to reflect the
costs for the other classes of vehicles in the traffic distribution.

To obtain the losses due to increased running costs, it is necessary to compute the running costs
over the normal route and the detour. The difference in these values is the additional cost or
economic loss to the users of the facility.

Running cost (RC) is computed by:

(Time ){ ADTE J{Length ){Unit Cost)
24,000

P =

Losses from running costs (RCL) are then:
RCL = (RC for Detour) - (RC for Normal Route)
Where:

Time (Duration of detour) is in hours

ADTE is in vehicles per day

Length is in miles

Unit costs are in dollars per 1000 vehicle miles

Example: For the Row Creek example, the travel distances are 5 miles for the normal route and
10.3 miles for the detour route. Travel speeds are 55 mph for the normal route and 35 mph for the
detour. The types of vehicles in the traffic distribution are:

1. Passenger cars (70% of ADTE)
2. Commercial delivery trucks (20% of ADTE)
3. Semitrailer trucks (10% of ADTE)
The running cost for passenger cars is $37/1000 vehicle mile at 55 mph and $34.50/1000 vehicle

mile at 35 mph. The adjustment factors for the cost of the vehicles in the traffic distribution are 1.5
for commercial delivery vehicles and 3.2 for semitrailers.

The running costs are:

Time of Detour ){ ADTE )iLength ){LUnit Cost)

#4
i 24,000

The Unit Cost for the normal route is:
UC =37 [.7 + 1.5(.2) + 3.2(.1)]
UC = $48.84/1000 vehicle miles,
and for the detour
UC = 34.50[.7 + 1.5(.2) + 3.2(.1)]
UC = $45.54/1000 vehicle miles.



The running costs for the normal route are:

RC(q) = JualOoI0NONATBA) _ (1, 66,480
24000
The running costs for the detour are:
RC() = Tapt6930)(10.2)(45.54) _ (Tao)(127.6)8/hr
24000

The increased running costs due to the detour use are:

7.3.3 Time Losses

These losses are a function of ADTE, detour duration, traveled distance, vehicle occupancy rate,
design speed and the value of individuals time. The occupancy rate and the value of time may be
averages which apply to all individuals in the classes of vehicles in the traffic distribution or
different values for each.

The occupancy rate data will most often be site specific and the value of time data may be based
on statistical results such as those in the table below.

| Under $4000 | $2.26
| 4000 - 5999 | 2.73
] 6000 - 7999 ] 3.19
] 8000 - 9999 ] 3.64
] 10000 - 11999 ] 4.11
] 12000 - 14999 ] 4.75
] 15000 - 20000 ] 5.03
] Over 20000 ] 5.49

The value of time is computed from:

(Time J{Length )t ADTE ) Occupancy Kate){Unit Cost)
[Speed)i 24)
The vehicle occupant's dollar loss due to use of the detour is:

TCL = (TC of Detour) - (TC for normal route)

T

Where:

Time is in hours (Detour Time)

Length is in miles

Speed is in miles per hour

ADTE is in vehicles per day
Occupancy rate is in people per vehicle



Unit cost is in dollars per person per hour

Example: For the Row Creek crossing, the occupancy rate is two people/vehicle, and the value of
time is $4.75/hr, which is based on an average income level of $12,000 to $15,000 for this section
of the State. The value of time for the normal route is:

_ Tap(9)(6230)(2)(4.75)

TC
= (55)24)

= (Ta)(235)$/hr

and for the detour is:

_ Tagl10.3)6530)(2)(4.75)
(35 24)

The loss of time in dollars due to use of the detour is:

TCL(q) = Taq (760.7 - 235) = (T4q)(525.7) $/hr

TC(Q) = (TdQ)(760'7) $/hr

7.3.4 Accident Costs

Increased accident costs are based on death rate statistics. For each death, there are assumed a
certain number of personal injuries and property damage accidents. The personal injuries and
property damage losses are obtained by applying property damage and personal injury rates to
the costs of damage and injury. The rate and cost data may be site specific or based on national
statistics. These losses are computed on a vehicle mile basis and are a function of ADTE, length
of detour, duration of detour, ratios of personal injuries and property damage accidents to deaths,
costs of personal injuries and property damage accidents.

The cost of accidents is computed by:

AC = %[(Time I ADTE JLength iDeath Rate)|[(Accident fInjury Factor)]
24%10

Accident/Injury Factor = [(Injury Ratio)(Unit Cost of Surgery) + (Damage Ratio)(Unit Cost of
Damage)],

and the dollar loss due to increased accident exposure on the detour is:
ACL = (AC for detour) - (AC for normal route)
Where:

Time is in hours (Time of Detour)

ADTE is in vehicles per day

Length is in miles

Death ratio is in people per 100 million

vehicle miles

Injury rate is in injuries per death

Damage ratio is in damage per death

Unit cost of injury is in dollar per injury

Unit cost of damage is in dollars per damage claim

Even though the cost for loss of life is not included in this analysis, the user may encounter



situations where it would be appropriate to include this loss. One problem with considering loss of
life is arriving at a reasonable value to use in the analysis. Suggested values vary considerably. To
include loss of life requires adding a cost per death term to the Accident/Injury Factor part of the
accident cost equation:

Accident/Injury Factor = [(Cost Per Death)+(Injury Ratio)(Unit Cost of Injury)+(Damage Ratio)(Unit
Cost of Damage)]

Example: The additional data needed for computing the cost of accidents (no increased loss of life
is assumed) at Row Creek are:

Death Rate | 5

I C— |7
amagerato |
Costorimuy | N
Costor Property Damage |G e

The cost of accidents on the normal route is:
Taa(B530)(5)(5)
2 4109

and the cost of accidents on the detour is:

Ty 1B23010.3 5]
24x10°
The increase cost of accidents due to using the detour are:

ACLq = (Tgo)(31.8 - 11.2) = (Tyo)(20.6) $/hr

AC(q) = = [(17)(3500) + (175)(600)] = (Tyo)(11.2)$/h

AC(q) = [(22)(3500) + (250)(600)] = (T¢o)(31.8)$/h

Summation of Traffic-Related Losses

The total traffic-related losses which are input to the economic risk analysis are computed by the
following equation:

TRLg = T4o (Running Cost + Lost Time Cost + Accident Cost)
TRLgg = 7(61.2 + 525.7 + 20.6) = 7(607.5) = $4,252

TRL1qg = 23.6(607.5) = $14,337

TRLyog = 78.5(607.5) = $47,688

In application, the user would be required to compute the time of detour for the various flood
events used in the analysis. The traffic losses represented by the cost per hour value ($607.50)
would in most cases, be obtained from traffic engineering and/or planning units.

It is assumed in this analysis that the detour or detours selected are available for traffic use when
flooding occurs at the study site. In application, the designer should analyze candidate detours to
determine the likelihood of possible detours being available for traffic service when needed. This
involves determining the overtopping frequency for crossings on the detour(s) and making a
judgment as to the probability of coincidental flooding at the detour(s) and study site.




7.4. Backwater Damage Losses

The construction of bridges and culverts on flood plains most often involves constriction of the natural
floodway. This constriction results in an increased water surface elevation or backwater upstream, which may
contribute to incremental damage to property adjacent to the crossing.

The highway agency should not be held responsible for flood damage incurred under normal flow conditions
before the bridge, embankment or culvert is in place, regardless of flood magnitude. The highway agency is
responsible, however, for the additional or incremental flood damage which results from backwater associated
with the construction of a stream crossing.

The magnitude of the incremental damage due to backwater depends on the degree of constriction of the
natural floodway and the specific land uses on the flood plain. Traditionally, flood plains have been desirable
areas for development. Flood plains are often used for farming, as pasture lands, and all too often, private
homes and industries are located on flood plains. Different levels of damage are associated with these flood
plain uses. For example, pasture and woodlands may incur little damage from flooding, while private homes or
industries may be destroyed by severe flooding.

Assessing backwater damage requires collecting considerable field data for input to the hydraulic calculations
and to define specific flood plain uses. The data collection and analysis effort expended should depend on the
complexity and importance of the individual encroachment. For example, a rural site with little flood plain
development may justify only a minimal effort while a complex urban flood plain encroachment may justify
considerable data collection and analysis.

The assessment procedure requires that a site map be prepared from information obtained from aerial and/or
ground surveys. This flood plain map should include contours at an appropriate interval and indicate the
locations of cross sections, crop lands, pastures, buildings, etc. In order to assure sufficient map coverage it
will be necessary to estimate the maximum extent of backwater for the worst condition, i.e. highest flood and
maximum contraction.

From the site map, the area between successive cross sections for each contour interval for each crop, and
the number and first floor elevation of all buildings between cross sections is determined.

Property values and crop data are also necessary inputs to the analysis. Right-of-way units, tax assessment
records and the State offices of the U.S. Soil Conservation Service are good sources for obtaining property
value and crop information. To compute the value of crops requires determining the yield per acre and the
price per unit of yield. Table 7.2 represents a composite of data obtained from the SCS for computing crop
losses due to flooding. The data used in preparing Table 7.2 are from the northeast region of the United

States. The table was prepared to illustrate the crop damage assessment procedure and is not recommended
for general use. Similar information for specific areas is available from the State offices of the SCS.

Table 7.2 Percent Damage to Crops

% Damage

Less than 24 Hours Inundation More than 24 Hours Inundation
0 to 2 Feet Over 2 Feet 0 to 2 Feet Over 2 Feet

| | 75 | 100
| 100 | 100 [ 100
] 97 | 81 ] 100
| 82 | 70 | 97
| e [ W
[inier whea | A R R




The value of the contents of residences is considered to be 50 percent of the value of the residence. The
value of the contents of other buildings must be determined by site investigation.

The percent damage with depth of inundation values for residences are indicated of Figure 7.2. The percent

damage values for other buildings must be determined on an individual basis. The step-by-step procedure for
determining backwater damage losses is:

1. Prepare site map from aerial and/or ground survey data.
2. Identify the various crops and buildings on the flood plain.

3. Compute the acreage for the various crops between cross sections for each increment of
elevation and determine first floor elevations for all buildings.

4. Compute the value of the various crops - dollars per acre times number of acres.

5. Determine the value of each building and contents and sum values for each first floor
interval.

6. Compute the average water surface elevations between cross sections for each flood event
for the natural and backwater conditions.

7. Compute the losses to crops.
. Tabulate the contour intervals and incremental dollar values from steps 3 and 4.
b. Tabulate the average water surface elevations for each flood from step 6.

c. Compute the depth of inundation for each contour interval for each flood, i.e. the
average water surface elevation minus the lower contour elevation.

d. From Table 7.2 determine and tabulate the percent loss for each increment of
inundation.

e. Determine the damage for natural conditions for each flood event. This is the sum of
the products of the percent damage and incremental value of crops for each contour
interval.

f. Repeat steps b through e for backwater conditions.

g. Compute backwater damage - the damage due to backwater minus damage which
occurred under natural conditions.

h. Repeat steps b through g for each design alternative.

8. Compute losses to buildings.

. Tabulate the first floor elevation intervals selected and the dollar value of all
buildings within each interval, steps 3 and 5.

b. Tabulate average water surface elevations between cross sections for each
flood.

c. Compute the depth of inundation for each first floor interval, i.e. the average
water surface elevation minus the representative first floor elevation.

d. From Figure 7.2 determine the percent loss for each depth of inundation.

e. Determine the damage for natural conditions. For each flood event, this is the
sum of the products of the percent damage and incremental value of buildings for
each representative first floor elevation.

f. Repeat steps b through e for backwater conditions.
g. Compute backwater damage as in step 7(g).
h. Repeat steps b through g for each design alternative.

9. For each design alternative, for each flood event sum the backwater damage values for
crops and buildings.
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Figure 7.2 Percent Damage, Mixed Residences

Example: Following the above step-by-step procedure, the backwater damage losses are computed for the
Row Creek crossing.

‘Step 1. The site map has been prepared, Figure 7.3.



Figure 7.3 Row Creek Crossing

J Step 2. The crops and buildings are identified on the site map, and are:

Symbol Land Use

!

1 Residence/with basement
> "
3
4
5
6
7
8
9
| Corn
Il Soybean
1" Pasture
v Hay




J Step 3. The acreage and first floor elevation are:

148-149 A-B Corn 0.1
149-150 " " 0.2
150-151 " " 0.25
151-152 " " 0.2
152-153 " " 0.35
148-149 A-B Hay 0.1
149-150 " " 0.07
150-151 " " 0.1
151-152 " " 0.06
152-153 " " 0.05
148-149 B-C Soybean 0.12
149-150 " " 0.15
150-151 " " 0.17
151-152 " " 0.10
152-153 " " 0.12
148-149 B-C Pasture 0.1
149-150 " " 0.18
150-151 " " 0.17
151-152 " " 0.1
152-153 0.2

A-B 1 150.6
A-B 9 152.0
B-C 2 151.5
" 3 151.4
' 4 151.3
" 5 151.9
! 6 151.8
" 7 150.7
" 8 149.6

J Step 4. Data for mature crops in the area indicate that the corn yield is 40 bushels/acre and $4.00/bushel
making its value $160.00/acre. The value of soybean at 25 bushels/acre and $5.25/bushel is $131.25/acre.
The value of pasture in $200.00/acre and hay yield is 4 ton/acre at $75.00/ton or $300/acre.

incremental Value




148-149 A-B Corn 0.1 160 16
" " Hay 0.1 300 30
149-150 " Corn 0.2 160 32
" " Hay 0.07 300 21
150-151 " Corn 0.25 160 40
" " Hay 0.1 300 30
151-152 " Corn 0.2 160 32
" " Hay 0.06 300 18
152-153 " Corn 0.35 160 56
" " Hay 0.5 300 15

incremental Value

148 149 Soybean 0.14 131.25 16*
" Pasture 0.1 200 20

149-150 " Soybean 0.15 131.25 20*
" " Pasture 0.18 200 32
150-151 ' Soybean 0.17 131.25 22*
" ! Pasture 0.17 200 34
151-152 ' Soybean 0.10 131.25 13*
" " Pasture 0.10 200 20
152-153 " Soybean 0.12 131.25 16*
" " Pasture 0.2 200 40

* Rounded to the nearest dollar

J Step 5. The value of buildings and contents is:

Representative First
Floor Elevation- i
1 151 60,000 30,000 90,000
9 152 15,000 3,750 18,750
B-C 8 150 20,000 150,000 170,000
" 3 151 90,000 45,000
" 4 151 8,000 2,000
' 7 151 80,000 40,000 265,000
' 6 152 2,000 2,000
" 2 152 10,000 2,500
" 5 152 80,000 40,000 136,500

*Rounded to nearest foot

J Step 6. The average water surface elevations between cross sections are:

Average Elev.
D|Scharge (CfS) Frequency (yr) X-Section

20,000 150.9 151.1
25,000 151.7 152.4
30,000 50 " 152.0 153.5
35,000 100 " 152.6 154.0
40,000 200 ! 152.9 154.4
20,000 10 B-C 152.4 152.7
25,000 25 " 153.0 153.5
30,000 50 " 153.4 153.9
35,000 100 " 153.7 154.4
40,000 200 " 154.2 154.9

J Step 7. Compute losses to crops.




. On Table 7.3, Table 7.4, Table 7.5 and Table 7.6 enter the contour intervals and total dollar
values for crops within interval.

b. Also on these same tables enter average water surface elevation between cross sections.

c. Compute the depths of inundation for each contour interval, i.e., the average water surface
elevation minus the lower contour interval elevation.

d. Using the values computed in c, refer to Table 7.2 to determine percent of damage and enter
in Table 7.3, Table 7.4, Table 7.5 and Table 7.6. The inundation time is less than 24 hours
for all floods less than 35,000 cfs.

e. Multiply the percent damage by the total crop value for each contour interval and sum these
products for each flood event to obtain the damage loss for each flood.

f. Repeat the calculation for the backwater condition.
g. Determine the delta damage, i.e., backwater damage minus natural condition damage.

Table 7.3 Backwater Losses (Step 7). Crop-CORN

Contour Interval
148-149 | 149-150 | 150-151 | 151-152]152-153

Incremental Value
Q) | seooe | wis bl D D
eton | e smoge )| Pamace ®

% Damage Natural Condition

] 20,000 ] A-B ] 150.9 ] 88 ] 54 ] 54 ] 0 ] | 53.
[ 25,000 | 151.7 | 88 | 8 [ 54 [ 54 | [ 8L
30,000 | 152.0 | 88 | 8 [ 8 | 54 | S
]m | 152.6 [ 100 [ 100 [ 100 [ 75 [ 75 | 154
[ 40,000 | 152.9 [ 200 | 100 [ 100 [ 75 [ 75 | 154,
% Damage Backwater Condition
| 20,000 AB | 151.1 | 8 | 8 | 54 | 54 | 0 | 81. 28.
] 25,000 ] 152.4 ] 88 ] 88 ] 88 ] 54 ] 54 | 125. 44
] 30,000 ] ] 153.5 ] 88 ] 88 ] 88 | 88 | 54 | 136. 41
] 35,000 ] ] 154.0 ] 100 ] 100 ] 100 ] 100 ’ 100 | 176. ’ 22
]40,000 ’ ] 154.4 ] 100 ] 100 ] 100 ] 100 ] 100 | 176. ’ 22

Table 7.4 Backwater Losses (Step 7). Crop - SOYBEAN
Contour Interval

148-149 | 149-150 | 150-151 |151-152§152-153

Incremental Value
Avg

e e

% Damage Natural Condition

] 20,000 ] B-C | 152.4 ]100 ]100 |1oo ]92 ]92 ] 85.
25,000 ] 153.0 ]100 ]100 |100 ]100 ]92 ] 86.
30,000 ] 153.4 ]100 ]100 |1oo ]100 ]92 ] 86.
35,000 ] 153.7 ]100 ]100 |100 ]100 ]100 ] 87.




40,000 ] 154.2 ]100 ]100 |100 ]100 ]100 ] 87.
% Damage Backwater Condition

[ 20,000 B-C | 152.7 100 1100 100 100 92 86. |
] 25,000 ] 153.5 ]100 ]100 100 100 92 86. ]
] 30,000 | ] 153.9 ]100 ]100 |100 ]100 ]92 ] 86. ’
] 35,000 | ] 154.4 ]100 ]100 |1oo ]100 ]100 ] 87. ]
]40,000 | ] 154.9 ]100 ]100 |1oo ]100 ]100 ] 87. ]

Table 7.5 Backwater Losses (Step 7). Crop - PASTURE

151 152 152 153
Section | W.S. EIevatlon ----“ DEETENEY] IDEIEERE))
% Damage Natural Condition
] 152.4 | 75 | 75 | 75 ] 50 | 50 ] 95,
| 153.0 | 75 | 75 | 75 | 75 | 50 | 100
| 153.4 | 75 | 75 | 75 | 75 | 50 | 100
| 153.7 | 9 | 9 | 9 | 9% 60 | 119,
| 154.2 | 9 | 9 | 9 | 9% 9 | 131,
% Damage Backwater Condition
B-C | 152.7 | 75 | 75 | 75 | 5 | 50 | 95 |
| 153.5 | 75 | 75 | 75 | 75 50 100. |
| 153.9 | 75 | 75 ] 75 | 75 50 ] 100. |
154.4 90 90 90 90 90 131. 12.00
154.9 90 90 90 90 90 131.

Table 7.6 Backwater Losses (Step 7). Crop - HAY

Contour Interval

| Contourinterval |

Q (cfs) Cro_ss Avg. _ Incremental Value Total Delta
cecton | e Teveten oemage B Pamase ®

% Damage Natural Condition

| 20,000 ] A-B | 150.9 | 82 | 60 | 60 | 0 ] ] 55.
| 25,000 | 151.7 | 82 | 82 | 60 | 60 ] 0 ] 70.
| 30,000 | 152.0 | 82 | 82 | 82 | 60 ] 0 ] 77.
| 35,000 152.6 97 97 97 70 70 ] 102.
| 40,000 152.9 97 97 97 70 70 ] 102.

% Damage Backwater Condition




|20,ooo] A-B 151.1 82 82 60 | 60 ] 0 ] 70. ] 15.

25,000 ] 152.4 82 82 82 60 60 86. ] 16.
30,000 ] 153.5 82 82 82 82 60 ] 90. ] 13.
35,000 154.0 97 97 97 97 97 111. 9.
40,000 154.4 97 97 97 97 97 111. 9.

J Step 8. Compute losses to buildings.

. The representative first flood elevation, rounded to the nearest foot, and the sum of the
dollar values for all building between cross sections for each representative elevation are
entered on Table 7.7.

b. Enter average water surface elevation for each contour interval on Table 7.7.
c. Compute the depth of inundation, i.e., average flood elevation minus representative first floor

elevation.

d. Determine percent damage for each depth of inundation from Figure 7.2 and record on

Table 7.7.

e. Compute total damage, i.e, multiply the percent damage by the incremental value and sum

these products for each flood.

f. Compute the damage due to backwater.
g. Compute the delta damage - the damage due to backwater condition minus the damage for

natural condition.

Table 7.7 Backwater Losses (Step 8). BUILDINGS

Q (cfs) S%rcotiscfn Avg. W.S.Elevation “
% Damage Natural Conditions
] 20,000 ] A-B ] 150.9 ’ - ’ 12.0 ’ 7.0 ’ 12,113 |
’ 25,000 ’ ’ 151.7 ’ - ’ 17.0 ’ 11.0 ’ 17,363 |
] 30,000 ] ] 152.0 ] - ] 18.0 ] 13.0 ] 18,638 |
] 35,000 ] ’ 152.6 ] s ] 21.0 ] 16.0 ] 21,900 |
’ 40,000 ’ ’ 152.9 ] - ] 22.0 ] 18.0 ] 23,175 |
% Damage Backwater Conditions
[ 20000 [  AB | 151.1 |- [ 1830 | 80 | 13200 [ 1,087
] 25,000 ] ] 152.4 ] - ] 19.5 ] 14.5 ] 20,269 | 2,906
’ 30,000 ’ ’ 153.5 ] - ] 25.0 ] 20.0 ] 26,250 | 7,612
’ 35,000 154.0 ’ - ’ 27.0 ’ 22.5 ’ 28,519 | 6,619
] 40,000 154.4 ] - ] 29.0 ] 24.5 ] 30,694 | 7,519

Incremental Value

Cross .
cfs ; Avg. W.S.Elevation
Q (cfs) Section : 170,000 | 265,000 | 136,000

% Damage Natural Conditions

20,000] B-C 152.4 ] 24.5 ] 19.5 ] 14.5 ] 113,117 |




] 25,000 ] ] 153.0 ] 27.0 ] 22.5 ] 18.0 ] 130,095 |
] 30,000 ] ] 153.4 ] 29.0 ] 24.5 ] 19.5 ] 140,842 |
] 35,000 ] ’ 153.7 ] 30.0 ] 25.5 ] 21.0 ] 147,240 |
’ 40,000 ’ ’ 154.2 ’ 33.0 ’ 28.0 ’ 23.5 ’ 162,377 |
% Damage Backwater Conditions
[ 20000 [ BC | 152.7 | 255 [ 210 | 160 | 120840 [ 7,722
] 25,000 ] ’ 153.5 ] 29.5 ] 25.0 ] 20.0 ] 143,700 | 13,605
’ 30,000 ’ ’ 153.9 ] 31.0 ] 26.5 ] 22.0 ] 152,955 | 12,112
35,000 154.4 ] 33.0 ] 29.0 ] 24.5 ’ 166,392 | 19,152
40,000 154.9 ] 35.0 ’ 31.0 ’ 26.5 ’ 177,822 | 15,445

J Step 9. The table below summarizes the results of the backwater damage loss calculations. The values in
the table are input to the risk analysis computations.

Summary of Backwater Losses

-
Buildings Total
—
20,000 | $28. | $1. | $8,809 $8,853
25,000 | 44, | - | - 16. 16,511 16,571
30,000 | 41. | - | - 13. 19,724 19,788
| 35,000 | 22. | - | $12. | 0. | 25,711 | 25,754
| 40,000 | 22. | - | - | 9. | 22,964 | 22,995

7.5 Structural Damage

A highway stream crossing may sustain flood-related structural damage as a result of:
1. Damage to the bridge superstructure due to debris and inundation of the bridge deck.
2. Scour around bridge piers and abutments.

7.5.1 Damage to Bridge Superstructure

The inundation of a bridge deck by flowing water results in additional stress on the superstructure.
The potential damage to a bridge superstructure is aggravated by accumulation of trash, and the
impact of large floating debris. Although damage due to inundation of superstructures has been
reported during most major floods, the data are insufficient to predict the precise effects of flood
forces and the extent of damage, particularly since data on the effect of debris are not easily
obtained.

While damage from inundation of bridge superstructures is difficult to assess, it may be too
important to ignore in assessing flood losses. For lack of a more refined procedure, the following
equation is suggested to estimate the damage due to superstructure inundation:

L = ay
Where



a = a coefficient, dollars/foot of inundation.
y = depth of submergence of the bridge deck, ft.

The coefficient must be estimated based on past experience in cleaning up, repairing damage and
placing back in service bridges inundated by floods.

Example. It has been determined that the unit cost of structural damage due to inundation is
$4,400 per foot of inundation at the Row Creek crossing. The losses due to inundation are:

0 [ g | losses |
20,000 | - | -
25,000 - -
30,000 0.3 1320
35,000 0.7 3080
40,000 1.3 5720

7.5.2 Damage Due to Scour at Bridge Foundations and Spur Dikes.

In major floods, scour damage often occurs around piers, abutments and spur dikes. The extent of
scour is affected by both hydraulic and geologic conditions and is aggravated by debris
accumulation.

Losses due to scour may be incorporated into the analysis in much the same way as was used to
assess losses due to superstructure damage is assumed to result in an economic loss determined
by multiplying the scour extent by the unit cost to repair the damage:

Ls=sc
Where:

s = scour extent, CY.
C = unit cost to repair the damage, $/CY.

There are numerous methods available to estimate the extent of scour for various flow conditions
and, again, past experience must be utilized to estimate the unit cost to repair the damage.

Example: Based on past experience at similar crossings, the cost to repair scour damage is
estimated to be $100/CY of scour. Scour loss estimates for the Row Creek crossing are:

| 20 000 | | 2,500
| 25,000 | 16 | 175 | 17,500
| 30,000 | 18 254 25,400
| 35,000 | 20 349 34,900
| 40,000 | 22 | 464 | 46,400

Go to Section 8
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8.1 Capital Costs.

All of the initial costs incurred in completing a structure are included in the capital cost. For a
bridge these may include:

1. Bridge and foundations.

2. Approach embankments.

3. Roadway pavement.

4. Protective measures including countermeasures (spur dikes, riprap, etc.).

Annual maintenance and operating costs are not included in the analysis unless they vary with
the alternatives being considered.

The construction cost components are summed to obtain the total initial cost which must be
amortized over the life of the structure. All computations are made in terms of constant dollars
by using a discount rate instead of the prevailing interest rate in the computations. Interest
rates normally include a perceived inflation factor, which if used in the computation would
require applying inflation factors to replacement and maintenance costs that may not be
incurred until some future time. By using a discount rate, all cost-estimated at today's prices.
The total construction or capital costs are multiplied by a capital recovery factor to obtain the
annual amortization series. The capital recovery factor (CRF) is defined as "an annuity whose
present value is one." The CRF is computed from:

i
g= (A"

CRF =

Where:
I = discount rate, percent.
n = service life of the structure, yr.

Tables of CRF's values for various discount rates can be found in most texts on economics.
The total cost and annual capital cost are computed for each design strategy.

Example. For the 440 foot alternative design of the Row Creek crossing, the capital cost is:
Bridge and Foundation $1,355,200
Approach Embankments 18,795
Road Pavement 104,395




$1,478,390
With a discount rate of 7 1/8 percent, the CRF is:
i
1-{1+i) ™"

CRF =

007125
P 5007425120

=0.0816
The annual capital cost is therefore:

0.0816 x 1,478,390 = $120,636

8.2 Risk Costs.

To determine the total expected cost for each design requires computing the risk costs for each
design strategy.

An assumption that influences this computation is that damage will be repaired so it has the
same opportunity to recur year after year. This assumption means that the probability of a
damage loss is the probability of a damage loss is the probability that a flood will be expected in
any given year.

Determining the risk costs for a given design strategy requires two functions: (1) the loss
function, and (2) the probability density function of the flood events.

The loss function represents the sum of the economic losses associated with the various flood
events. The probability density function is a mathematical expression of how the probabilities
are distributed over the range of flood events.

Since the floods are considered a continuous random variable, the probability that a given
event is within a closed interval must be considered:

Pa<Q <bl=[ f(0)dQ

Where: f(Q) = the probability density function (flood frequency relationship)

For continuous distributions of the flood and loss functions, the economic
risk, R, is defined as:



R= [ L(0)/(Q)dQ

Where L(Q) = loss function

[ f(@dQ=1.1@) =0

The following approximation is utilized to evaluate the economic risk integral:

and

2 =i(|::i _|::i+1]|[l—(m1)+2|—ligi+1}]
Where:

L(Qp+)) is assumed to equal L(Qp)
and P,., = 0 (Probability of infinite flood)
This makes the last term in the above summation equal to P,L(Qp).

P; = exceedance probability of the flood Q;,

L(Q;) = dollar damage caused by flood Q;,

P, = exceedance probability of the largest flood considered in the analysis, which
results in damage L(Qy)-

This approximation has an inherent assumption that the upper end of the integral can be
characterized by the largest flood in the analysis. This assumption is acceptable when the flood
has very low probability.

The Row Creek example will serve to illustrate the procedure.

The table below summarizes the potential losses for the 440 foot bridge alternative.

Summary of Economic Losses

Losses

F(;?;q Embankment & N Backwater
Pavement (3) Reged Related ($) Super-structure ($)] Related
15,000( 5 - - 0 - - 0
20,000 10 - - 8,853 - 2,500 11,353
25,000 25 - - 16,571 - 17,500 34,071
30,000| 50 2,000 4,252 19,788 1,320 25,400 52,760
35,000| 100 6,373 14,337 25,754 3,080 34,900 84,444




|4o,ooo] 200 |

27,542

47,688

22,995

5,720

46,400

150,345 |

No losses occurred for any flood equal to or less than the 5-year event.

The economic risk associated with each flood event is calculated as follows:

Economic Risk

(yr) Probability $) $) Probability %)
15,000 5 0.2 0

5,677 .10 568

20,000 10 0.1 11,353
22,712 .06 1,363

25,000 25 0.04 34,071
43,416 .02 868

30,000 50 0.02 52,760
68,602 .01 686

35,000 | 100 0.1 84,444
117,425 .005 587

40,000 | 200 0.005 150,345
150,345 .005 751

0 150,345

The annual economic risk for the Row Creek crossing is therefore:

R =568 + 1,363 + 868 + 686 + 587 + 751 = $4,823

A graphical illustration of the procedure for computing the annual economic risk is

shown below.
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8.3 Total Expected Cost

The sum of the annual capital cost and annual risk cost equals the total expected cost for each
design strategy. For the example in the previous section, the TEC is:

Annual Construction Cost $120,636
Risk Cost 4,823
TEC $125,459

The above procedures illustrate the analysis for one alternative crossing of Row Creek and
would need to be repeated for each design alternative to obtain the set of TEC's for selecting
the LTEC design. The design goal is to determine that strategy (TEC) which minimizes the total
expected cost, i.e., the LTEC design.

Go to Section 9
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Generally in the design of a bridge crossing, the two most important variables are the bridge
length (L) and the approach embankment height (H). Assuming an infinite number of
combinations of bridge sizes and embankment heights, the total expected cost for each
combination is:

TEC = R(L,H) + C(L,H)
= Annual Risk Cost (R) + Annualized Capital Cost (C)

Planning all the TEC's would result in the response surface shown in Figure 9.1. The optimum

or LTEC design would then correspond to the point on the response surface where L and H are
a minimum, Lqpt, Hopt-

In practice, the three dimensional surface is replaced by the two families of curves shown
in Figure 9.2.

In Figure 9.2, the TEC's for the various embankment heights are plotted for the various bridge

lengths. The LTEC design corresponds to the lowest point on the lowest curve. In many
cases,it will be found that the minimum bridge length curve is very flat over a range of
embankment heights around the optimum point. In such cases, the designer may wish to
recommend a design range rather then a single design. This decision is subjective considering
the uncertainties involved in the evaluation process. The overtopping discharge and return
interval for the selected design are obtained from the second set of curves on Figure 9.2.
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Figure 9.1 Relationship of TEC's to LTEC Design Decision
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In the development of the methodology for the LTEC decision-making process, assumptions are made
for several physical processes. For example, estimates are made from available information for such
design parameters as embankment losses, traffic level and characteristics, and hydrologic data. These
assumptions and estimates are subject to errors. Hence, the use of this information in calculating the
total expected cost at a bridge site may induce solution errors, which in turn may affect the
decision-making process.

The number of parameters involved in the analysis is large and the governing hydrologic and hydraulic
processes are complex. Moreover, the economic data used for the analysis varies from site to site and
also with time. The uncertainties associated with the analysis need not discourage the use of the
methods long as the limitations inherent in the method of analysis are identified. Sensitivity analysis is
the means by which these limitations may be assessed.

The sensitivity analysis presented here is a simple process involving changing the variables, one at a
time, to determine the relative effect of the variable change on the total expected cost. The optimum
design or LTEC design is the baseline for the analysis. Initially, the designer may include all variables in
the analysis; however as experience is gained, the designer should be able to emphasize those
variables which are most significant.

The designer must exercise judgment in selecting the variable ranges in the analysis. For example, the
confidence limits associated with the flood frequency analysis may be defined and input as the range.
Once the variables are selected and their range determined, the relative effect on the total expected
cost is computed.

To illustrate the process, assume that the optimum or LTEC design has an annual expected total cost of
$53,655 and the designer wishes to analyze the sensitivity of the variables involved in the analysis.

The variables included in this sensitivity analysis are:

1. Capital costs - The bridge cost were obtained from a regression analysis of the costs of
bridges throughout the United States over a 21-year period. The regression equation is:

Bridge Cost = a, + a; X

Where:
ay = constant

a; = coefficient for length
x = bridge length

The roadway cost, RWC, and the embankment cost, CY, are the other factors in
the capital cost.

The coefficients a, and a; and the RWC and CY values were varied plus and
minus 25 percent in the sensitivity analysis.

2. Discount Rate - The discount rate was changed from the baseline value of 7 percent to 5



and 9 percent.

3. Cost of Time - The cost of time was varied from $2.73 per hour for the baseline to $3.64
and $4.57 per hour.

4. Traffic Level - The traffic level was varied from the baseline value of 16000 vehicles per
day to 12000 and 20000 vehicle per day.

5. Backwater Damage - The backwater damage was increased by factors of 10 and 100
over the baseline value.

6. Flow Frequency - The baseline flow frequency relationship, Figure 10.1, was increased

and decreased 25 percent. New probabilities for the flood flows used in the baseline
analysis were obtained for these conditions and used in the analysis.

The changes in the TEC resulting from changing the variables in the analysis are shown in Table 10.1.

Although not included in this illustration the optimum design remained the 300-foot bridge with 315-foot
embankment elevation for all the sensitivity analysis runs.

The effects of the various parameter changes on the TEC for the 300-foot bridge with 315-foot
embankment elevation were determined by applying the equation:

B AT W
LTEC DELTA

Where:

LTEC is the baseline cost,
Delta TEC is the change in TEC with the new value of the variable,
V is the original value of the variable, and
Delta VV is the change in the variable.

The results of this analysis are shown in Table 10.2. The analysis indicates that the TEC is most

sensitive to the capital cost, interest rate and flow frequency and rather insensitive to the traffic, flood
loss and cost of time.

It should be noted that even though embankment losses were not considered directly in this analysis,
the cost of the roadway and embankment fill are used in determining erosion losses and thus had an
effect on the economic risk component of the TEC.

The results obtained from a sensitivity analysis will vary with individual crossings. The purpose of the
analysis is to indicate where the greatest benefits can be obtained through additional effort in defining
input parameters. Also, with experience gained through applying s